4T3404).
Introduction
Immunohistochemistry has been extensively used to identify the neurotransmitters contained within specific populations of axon terminals at the electron microscopic level. The two widely used immunohistochemical techniques are the peroxidase-anti-peroxidase (PAP) method (23) and colloidal gold labeling. Both of these techniques have disadvantages that limit their use. A major problem of the PAP technique, and perhaps the most significant, is that the PAP reaction product is usually so dense and diffuse that cytological details are obscured. A second disadvantage is that the PAP technique is most effective in tissue fixed primarily with paraformaldehyde. This fixative, however, leads to poor preservation of tissue at the ultrastructural level. Glutaraldehyde is necessary for optimal preservation of structures at this level, but penetration into tissue sections is reduced. However, the use of high concentrations of glutaraldehyde with sodium metabisulfide has been shown to increase penetration with the PAP technique (21).
' Supported by NS18028 USK). antibody to GAD and a 1.4-nm NanoGold-labeled secondary antibody, sections were silver-enhanced with N-propyl gallate as a reducing agent and MES as a new buffer system.
In the cerebellar nuclei, GAD label was specifically localized in axon terminals over clusters of synaptic vesicles. These terminals formed axosomatic and axodendritic contacts. The majority of GAD-labeled terminals had cytological characteristics indicating their origin from Purkinje cells, which are known to contain GAD. ( J Histochem Cytdem KEY WORDS: Pre-embedding immunocytochemistry; Electron microscopy; GABA; Mouse; Purkinje cell.
431337-343, 1995)
Particulate labeling by colloidal gold allows better visualization of cell morphology than the PAP technique in electron microscopic (EM) immunocytochemistry. However, the smallest colloidal gold particles of about 5 nm (13) do not penetrate tissue sections even with the use of harsh detergents.
Recently, a new 1.4-nm gold probe has been reported (11,12), which should penetrate more easily into tissue sections. These particles are, however, too small to be seen in epoxy thin sections. To better visualize these gold particles, silver enhancement procedures have been devised to enlarge the particles to 10-30 nm (4,15). In the present study we have further modified this technique and have used it to identify glutamic acid decarboxylase (GAD) in the cerebellar nucleis of the mouse.
To obtain the highest quality of morphological preservation, EM fixation must include glutaraldehyde. However, as noted above, this reagent prevents penetration of labeled antibodies. However, use of 0.4% sodium metabisulfite with the PAP technique has allowed good penetration (21). We used 3% glutaraldehyde and 0.4% sodium metabisulfite with 1.4-nm gold-labeled secondary antibodies and silver enhancement to determine i f ' this method would also allow increased penetration of the silver-enhanced label. Previous work has indicated that penetration of antibodies labeled with small gold particles is very sensitive to the presence of glutaraldehyde 337 (415). This report shows, for the first time, the successful use of a high-glutaraldehyde f i t i v e with silver enhancement of small gold particles for pre-embedding immunocytochemistry.
To obtain better control of the silver enhancement solution, we have investigated different buffering systems that were used to maintain the pH near 6.5. The original silver enhancement solution of Danscher (9) was buffered at pH 3.5 with citric acid. When applied to pre-embedding immunocytochemistry, this pH was too low for adequate preservation of morphology. Lah et al. (15) changed the buffer system to HEPES mixed at pH 6.8. Results reported here show that the buffer MES will better regulate the pH.
This new method was used to examine the distribution of a neurotransmitter-synthesizing enzyme in the cerebellum. GAD, an enzyme in the synthetic pathway for the inhibitory amino acid y-aminobutyric acid (GABA), is known to be present in terminals within the cerebellar cortex and cerebellar nuclei. Purkinje cells in the cerebellar cortex send axons to the cerebellar nuclei, where they form multiple synaptic connections with nuclear neurons (6). These Purkinje cell terminals contain the enzyme GAD and the neurotransmitter GABA, as shown by autoradiographic and immunohistochemical studies (5, 6, 16, 19, 20, 22) . The present study shows the synaptic relationships of immunohistochemically identified Purkinje cell terminals and a second population of terminals, probably derived from local neurons within the neuropil of the nuclei.
Materials and Methods
Immunohistochemistry: Elecuon Microscopy. Mice were perfused with saline that contained 0.05 M sucrose, followed by 3% glutaraldehyde, 0.1 M phosphate buffer (pH 7.1). 0.05 M sucrose, 0.4% sodium metabisulfite, and 0.4 M CaC12. Pre-embedding immunocytochemistry was carried out with a modification of the previously described silver-enhanced gold immunohistochemistry procedure (4). Brains were removed and the cerebellums were cut immediately on the vibratome. Vibratome sections were incubated for 45 min in blocking buffer consisting of PBS, 0.3% Triton X-100, 1% normal goat serum, 50 mM glycine, 0.1% gelatin, 1 mg/ml bovine serum albumin, and 0.02% sodium azide. Next, sections were incubated for 24 hr in a monoclonal antibody against mouse GAD (8) in the same buffer at room temperature (RT) with constant agitation. After three rinses in blocking buffer, the sections were incubated overnight in goat anti-mouse Fab labeled with NanoGold, rinsed three times in blocking buffer, twice in PBS, and then fixed with 1.6% glutaraldehyde in PBS for 30 min. Sections were rinsed three times in PBS.
For silver enhancement, sections were rinsed three times in SO mM MES buffer with 200 mM sucrose (pH 5.8). The sections were incubated under a sodium vapor safelight with N-propyl gallate (NPG) enhancement solution and agitated. NPG-silver-enhancement solution had a final concentration of 200 mM MES buffer (pH 6.15), 50% gum arabic, 0.3 mglml NPG, and 1.1 mglml silver lactate. The following stock solutions were used: MES stock, consisting of 0.5 M MES adjusted to pH 6.15 with NaOH; gum arabic stock, consisting of 50 mg gum arabic (Sigma G-9752; St Louis, MO) dissolved in 100 ml H20 over 2 days, degassed with a vacuum pump, and frozen in aliquots of 5 ml; NPG stock was made on the day of use by dissolving 10 mg of NPG in 0.25 ml ethyl alcohol and adding 4.75 ml of H20; silver lactate stock was made the day of use by dissolving 36 mg silver lactate in 5 ml H20 in a light-tight film box. The final NPG-silver-enhancement solution of 10 ml was made by mixing 2 ml MES stock, 5 ml gum arabic stock, 1.5 ml of NPG stock, and 1.5 ml of silver lactate stock. The first three components were mixed 30 min before use and the NPG stock was added 2 min before use in a darkroom equipped with a sodium vapor safelight. The reaction was stopped with three changes over 5 min of neutral fixer solution (15) composed of 250 mM sodium thiosulfate and 20 mM HEPES, pH 7.4, and sections were rinsed three times in PBS. After enhancement, sections were rinsed and incubated in 0.1% Os04 for 30 min before acetone dehydration and embedding in Spurr's resin. Pale gold thin sections were cut on an ultramicrotome with a diamond knife and stained with uranyl acetate and lead citrate (4) before examination in a Philips electron microscope.
Immunohistochemistry: Light Microscopy. Adult mice were perfused with saline followed by a fixative consisting of 4% paraformaldehyde in 0.1 M PBS. The brain was removed and stored overnight at 4'C in Sorenson's phosphate buffer containing 15% sucrose. Frozen cryostat or vibratome sections were cut in the sagittal plane and placed in a primary antibody against GAD for 48-72 hr at 4% with constant agitation. The sections were then incubated at RT in mouse IgG, peroxidase-anti-peroxidase, and 0.05% 3,3'-diaminobenzidine tetrahydrochloride (DAB) to which 0.006% hydrogen peroxidase had been added. Sections were dehydrated through a graded series of alcohol, cleared in xylene, and coverslipped. In control studies the primary antibody was eliminated. The control tissue was exposed in parallel to all other reagents as described above.
Guidelines for the care and use of laboratory animals, as published by the National Research Council, were followed in this study.
Buffering Systems in the Silver-enhancement Solution
The rate of the silver-enhancement reaction is pH-dependent, and at a pH above 6.5 the reaction occurs too rapidly to control. Therefore, it is important to maintain the pH of the reaction solution precisely (15) . To examine the buffering capacity of the silver- --339 enhancement solution, we titrated a solution of 50% gum arabic diluted in water. The final concentration of gum arabic in the silverenhancing solution is 50%. Gum arabic by itself had only a slight buffering capacity, which was at or below a pH of 4 (Figure 1 , open circles). Addition of 200 mM HEPES to gum arabic added buffering capacity to the gum arabic with an inflection point between pH 7.5 and pH 8.0 (Figure 1, solid circles) , indicating maximal buffering capacity at this pH. At the required pH of 6.5, HEPES had little buffering capacity. The buffer MES was tested at 200 mM in a gum arabic solution and had an inflection point of pH 6.5 (Figure 1, solid 
GAD Localization to Axon Terminals
Light microscopic (LM) studies of the cerebellar nuclei were carried out using the peroxidase-anti-peroxidase technique to verify that the GAD antibody used in this study labeled structures in the cerebellar cortex and nuclei known to be GABAergic. In the lateral nucleus ( Figure 2) , punctate labeling was observed around the somata of unstained nuclear cells (Figure 2A, asterisks) as well as within the neuropil (Figure 2A, arrows) . This pattern is consistent with GAD labeling described previously (5,6, 16, 19, 20, 22) . This monoclonal antibody against GAD was raised to a high concentration in culture medium containing hybridoma cells and the supernatant was used at 1:500 in the blocking buffer containing 1% goat serum, 0.1% gelatin, and 1 mglml BSA. Control sections were incubated either alone in the buffer used to dilute the primary antibody ( Figure 2B ) or in the same buffer with fresh tissue culture medium at 1:500 ( Figure 2C ). No immunoreactive structures were seen at either the LM or the EM level in tissue sections processed in the absence of the primary antibody.
Localization of Gold Particles in Synaptic Terminals
The quality of the morphology and the size of the particles seen with this new method are improved over tissue prepared with paraformaldehyde and a small amount of glutaraldehyde (4). In the synaptic terminals shown in Figure 3 , the synaptic vesicles are clearly seen, as are mitochondria and most of the plasma membranes. Because these tissue sections were processed for preembedding immunocytochemistry and incubated for 2 days with a buffer containing 0.3% Triton, followed by silver enhancement, the morphology of the myelin and some of the plasma membranes is not ideal compared with that seen on sections embedded immediately after fixation. Compared to the morphology seen with other tissue fixation methods for pre-embedding immunocytochemistry, this me:hod is an improvement. The synaptic terminals in these thin sections could be clearly identified as containing either pleomorphic or round vesicles. This aspect of synaptic vesicle morphology is frequently 10s: when tissue is prepared for pre-embedding EM immunocytochemistry. The silver-enhanced particlt-s were found in the cerebellar nuclci over many synaptic terminals. Gold particles were observed primarily over clusters of vesicies in labeled axon terminals ( Figures  3P.-3C, arrowheads) . The other cytological constituents in axon terminals (mitochondria, pre-and postsynaptic densities) were not covered by the gold particles.
Synaptic Junctions. Analysis of these sections showed that synaptic iunctions were found between GAD-labeled terminals arid different postsynaptic structures including somata, dendrites, and axons. Amsomutic Jynupses. Labeled terminals observed around deep cerebellar nuclear neurons were ideqtified by the presence of fine, punctate silver-enhanced gold particle labeling that was confined within the terminal. The majority of labeled terminals measured approximately 1.0-2.0 pm in diameter and were characterized by the presence of many synaptic vesicles ( Figure 3A) . Most of the synaptic vesicles in the labeled terminals were elongated or pleomorphic in shape. The presence of synaptic junctions could be clearly identified based on the presence of presynaptic densities and the electron-dense material in the synaptic cleft. These axon terminals appeared to have the characteristics of Purkinje cell terminals derived from the cerebellar cortex (5.6J6.22) . The level of background staining was very low with this procedure, thus making identification of labeled processes reliable.
In addition to this predominant type of terminal, the procedure enabled us to identlfy axosomatic synapses with different morphological characteristics, suggesting more than one source. In a second type of axosomatic terminal, gold particles were localized over the tightly packed pleomorphic synaptic vesicles in axonal terminals that had a dark matrix ( Figure 3B ). Multiple synaptic junctions were established with poorly marked postsynaptic densities. These labeled axon terminals were associated primarily with small nuclear neurons.
Another type of labeled terminal formed elongated axosomatic junctions characterized by multiple active zones (Figure 3C) . These terminals were related to both large and small nuclear neurons. Axodendrite Synapses. The most numerous GAD-positive synapses in the cerebellar nuclei were axodendritic. Unlabeled large dendrites (Figure 4, D) were surrounded by a number of labeled axon terminals (Figure 4, arrows) . As in the axosomatic synapses, gold particles were seen over synaptic vesicles. Mitochondria as well as the pre-and postsynaptic densities were unlabe!ed. GADimmunoreactive axon terminals formed synaptic contacts not only with the primary dendrite, but alco with dendritic spines (Figure  4, S) . In random electron micrographs it was common to find most of the terminals surrounding a dendrite that was GAD-negative.
Discussion
This study demonstrates the advantages of the silver-enhanced small gold immunocytochemical procedure. Silver enhancement of small gold particles allows identification of terminals that contain the synthesizing enzyme GAD, as well as analysis of their cytological characteristics and synaptic relationships.
The use of sodium metabisulfite in the high-glutaraldehyde fixative greatly increased penetration of the small go!d label into the tissue secticns and gave larger silver-enhanced particles. The combination of sodium metabisulfite and glutaraldehyde had been pre-viously used with the PAP technique (21) to improve penetration of antibodies and improve morphology. Our previous results with 4% paraformaldehyde (4) showed that large particle sizes were obtained in cell cultures but that the same antibody incubations and silver enhancement gave much smaller particle sizes in tissue sections (4). We show here that with silver-enhanced 1.4-nm gold particles there is increased penetration of label and increased morphology, as well as an increased size of the silver-enhanced particles. The increased size of these particles is probably due to better penetration of the 1.4-nm gold-labeled antibodies and/or to better penetration of the silver-enhancement solution into the tissue section.
Previous NPG-silver-enhancement techniques have used HEPB as a buffer to maintain the pH. The use of 200 mM HEPES mixed at pH 6.8 was found to give the silver enhancement solution a pH of 5.8 (4). In preliminary experiments, we found that the final pH of this silver-enhancement solution changed after the solution was prepared, indicating that the buffer was not able to maintain the pH. After we examined the titration curve, it became clear that more stable pH control required a buffer with a pK in the pH range of 6. The organic buffer MES has a pK of 6.14 and was able to control the pH of the silver enhancement solution. The result of this modification is more reproducible silver-enhancement times.
The use of this new technique enabled us to critically analyze the cytological characteristics and synaptic relationships of GABAergic terminals in the cerebellar nuclei. More important is that the morphological shape of the synaptic vesicles in terminals correlated well with the labeling for GAD. This morphological detail has not been commonly seen with other immunocytochemical methods.
The resolution of the technique is such that the exact organelles that contain GAD could be determined. The distribution of small, labeled silver-enhanced colloidal gold partides suggested that GAD labeling related primarily to clusters of synaptic vesicles. The fact that the density of gold particles increases over the vesicles indicates that the highest concentration of GAD is present in this region of the terminals and further localizes the site of GABA synthesis in the terminal. These observations show the selectivity and specificity of GAD labeling as analyzed with silver-enhanced gold immunocytochemistry.
Pre-embedding EM immunocytochemistry showed GADimmunoreactive axon terminals surrounding neuronal cell bodies and dendrites in the cerebellar nuclei. Several GAD-labeled axom were seen to converge on individual dendrites. Similar synaptic relationships were described by Chan-Palay (6) and were referred to as "the dendritic florets." In most cases these GAD-labeled terminals can be identified as arising from the Purkinje cell axons. This multiple innervation of dendrites represents a convergence of inhibitory inputs onto single dendritic profiles.
Recently, it has been shown (24) that cerebellar nuclear neurons are a chemically heterogeneous population. The majority of nuclear neurons are glutamatergic, project rostrally in the brainstem, and receive an inhibitory input from Purkinje cells. In addition to glutamate-containing nuclear neurons, a population of GABAergic cells has also been identified (2, 3, 7, 14, 16, 17) . It has been shown that these neurons give rise to a GABA projection from the cerebellar nuclei to the cerebellar cortex (1,2,7) and to the inferior olive (10.18). In addition, it appears that these GABAergic neu-rons form axosomatic synapses in the cerebellar nuclei, primarily with the larger nuclear neurons. In this study, few GAD-labeled profiles contacted the somata of small neurons. This suggests that the population of small GABAergic neurons does not receive a strong inhibitory input from Purkinje cell axons. In the neuropil of the nuclei, there were several cytologically distinct types of terminals. The majority had characteristics of Purkinje cell terminals. The others are probably derived from collaterals of the small nuclear neurons. Taken together, the data suggest that small GABAergic neurons are not suppressed by Purkinje cells. However, they do participate in inhibitory circuitry of the cerebellar nuclei.
In summary, the use of the silver-enhanced gold particle procedure allows a critical analysis of immunohistochemically identified axon terminals. A major advantage of the silver-enhanced gold technique is that it can be combined with retrograde transport and other immunohistochemical techniques to more precisely define the identity and origin of neuronal elements and synaptic relationships in the central nervous system.
